Introduction
============

Awareness of a sustainable society calls for the development of highly efficient catalysts: heterogeneous and homogeneous. Each of them demonstrate characteristic sets of advantages and limitations with regards to accessible catalytic sites, separation, and recycling; thus, the combination of all merits in a single catalyst is highly anticipated.[@cit1] As a promising metal-free heterogeneous catalyst, polymeric carbon nitride (CN) has stimulated substantial interest in the conversion of organic molecules and solar-to-chemical energy conversion and beyond, *e.g.* in optoelectronic biosensing, due to its unique electronic structure and surface properties.[@cit2] By following the example of enzymes, making all of the catalytic sites accessible *via* homogeneous reactions is a promising approach toward maximizing CN activity. However, the poor solubility of CN, ascribed to the interlayer van der Waals forces,[@cit3] makes the use of CN for homogeneous catalysis difficult. Concentrated H~2~SO~4~ was reported as the first solvent for CN, but the harsh conditions hindered the further application of this approach. Polar aprotic solvents, such as dimethyl sulfoxide (DMSO), have been disclosed to dissolve bulk poly(triazine imide) (PTI·LiBr)-based CN with controllable luminescent properties.[@cit4] As an innovative alternative, exfoliating bulk CN into nanosheets greatly boosted its photocatalytic activity.[@cit5] Similarly, in the early days of graphene and carbon nanotube research, their insolubility in all solvents remained as one of the biggest impediments to the realization of their potential applications.[@cit6] Therefore, seeking more general solvents to solubilize CN and perform homogeneous catalysis would be fascinating for the subsequent research of CN.

Results and discussion
======================

Herein, we report the dissolution of CN in CH~3~SO~2~OH (MSA), an environmentally friendly solvent. As controls, other sulfonic acid group-containing solvents, including ClSO~2~OH (ClSA), HOSO~2~OH (H~2~SO~4~), and C~2~H~5~OSO~2~CH~3~ (EMS), were also investigated. Taking two photocatalytic oxidations as examples, up to 10-fold faster catalytic kinetics of homogeneous CN were achieved relative to those of the heterogeneous one. Moreover, due to its capability for reversible dissolution and recovery using good and poor solvents, CN could be facilely separated from the homogeneous system and reused, thus combining the advantages of both homogeneous and heterogeneous catalysts as shown in [Fig. 1a](#fig1){ref-type="fig"}.

![(a) Bridging homo/heterogeneous photocatalysis. (b) A photo of CN in sulfonic acid group-containing solvents (50 mg mL^--1^) at room temperature, and a ball-and-stick model of the solvents. Bulk CN was only completely dissolved in MSA. (c) FT-IR, (d) XPS C 1s and (e) N 1s spectra of bulk CN and that recovered from the MSA solution (r-CN). Inset: photos of CN and r-CN.](c8sc03855d-f1){#fig1}

The starting CN with interlinked heptazine-based units (Fig. S1--S3[†](#fn1){ref-type="fn"}) and a stacked lamellar texture (Fig. S4[†](#fn1){ref-type="fn"}) was prepared by a conventional thermal polymerization of dicyandiamide at 550 °C in air. The dissolution ability of CN in MSA and control solvents at room temperature is demonstrated in [Fig. 1b](#fig1){ref-type="fig"}. CN was completely dissolved in MSA, exhibiting a clear and yellow solution, and stirring would accelerate the dissolution speed (Fig. S5[†](#fn1){ref-type="fn"}). Different to CN nanosheets prepared by liquid-exfoliation,[@cit5c] no evident Tyndall effect was observed for CN in MSA (Fig. S6a[†](#fn1){ref-type="fn"}), indicating CN macromolecules of minimal lateral dimensions rather than nanosheets in MSA. As controls, CN only partially dissolved in concentrated H~2~SO~4~, ClSA, and EMS under the same conditions. Therefore, the dissolution ability of CN in the solvents followed the order MSA, H~2~SO~4~, ClSA and EMS.

To evaluate the possible changes of the electronic structure of CN after dissolution, CN was recovered from the MSA solution by using poor solvents (*e.g.* acetonitrile). As shown in [Fig. 1c](#fig1){ref-type="fig"} inset, the recovered CN (r-CN) was still yellow, suggesting that CN did not disintegrate after dissolution. The UV-Vis spectrum of r-CN (Fig. S7[†](#fn1){ref-type="fn"}) showed a minor blue-shift relative to that of CN. Such a blue-shift was also observed in the photoluminescence spectrum of r-CN (Fig. S8[†](#fn1){ref-type="fn"}), presumably due to the protonation of CN by MSA.[@cit3a],[@cit7]

The molecular structure of r-CN was further studied by Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). As shown in [Fig. 1c](#fig1){ref-type="fig"}, for both CN and r-CN, the typical stretching mode of the CN heterocycles (1200--1600 cm^--1^) and the breathing mode (810 cm^--1^) were mostly retained. Broad and intense bands at 2800--3500 cm^--1^ and some peak-shifts were also observed, which might result from protonation by MSA.[@cit3a],[@cit7] The C 1s XPS spectra of r-CN and CN showed two main peaks at 288.3 eV and 284.6 eV ([Fig. 1d](#fig1){ref-type="fig"}), which are attributed to N--C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N and random adventitious carbon contamination, respectively.[@cit5a],[@cit5b],[@cit8] Meanwhile, four N 1s XPS peaks ascribed to C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N--C (398.2 eV, tri-*s*-triazine rings), N--(C)3 (399.4 eV, bridging N atoms), C--N--H (400.9 eV, bonded with H atoms) and the charge effect were observed for both CN and r-CN ([Fig. 1e](#fig1){ref-type="fig"}), further verifying that these two compounds had similar C--N bonding characteristics.[@cit3a] Elemental analysis (Table S1[†](#fn1){ref-type="fn"}) quantified the very similar molar C/N ratios of CN (0.68) and r-CN (0.67). The BET surface areas and pore volume of CN and r-CN (Fig. S9[†](#fn1){ref-type="fn"}) were also not evidently changed. In addition, despite the fact that the precipitation recovery led to a lower crystallinity, the X-ray diffraction (XRD) pattern of r-CN still exclusively demonstrated a similar predominant (002) diffraction peak to CN, rather than peaks related to its intermediate precursors (Fig. S2[†](#fn1){ref-type="fn"}). All of these facts jointly demonstrated that the typical structure of CN was maintained after dissolution, rather than it being decomposed into smaller fragments.

To gain insight into MSA dissolving CN, we carried out first-principles density functional theory (DFT) calculations to analyze the adsorption sites, and adsorption abilities using a polarizable continuum model. The hollow (H) position was found to be the most stable adsorption site relative to the top (T) and bridge (B) positions ([Fig. 2a](#fig2){ref-type="fig"}). Generally, a solvent molecule with a stronger adsorption ability could more competitively interact with CN and dissolve it.[@cit9] The calculated *E*~ads~ values for MSA (--0.84 eV), H~2~SO~4~ (--0.73 eV), and ClSA (--0.67 eV) were all evidently higher than that for H~2~O (--0.27 eV), supporting the fact that the sulfonic acid group-containing solvents were more effective than H~2~O in dissolving CN, and MSA was the best one in this study ([Fig. 2b--d](#fig2){ref-type="fig"}). Besides, because of the lack of protonation, the adsorption energy (--0.14 eV) and distance (2.38 Å) between the nearest H atom of EMS and the CN plane was apparently larger than that of the other three solvents, making EMS the poorest among them. Considering the contribution of entropy to the dissolution, the Gibbs energy was also calculated (see Computational methods in the ESI[†](#fn1){ref-type="fn"}), in agreement with the above results. This was also consistent with the recent computations for sulfonic acid group-containing surfactants in liquid-exfoliation of other layered materials.[@cit10]

![(a) Structural model of a single CN layer for calculating the adsorption energies in different solvents. The insets show the typical adsorption sites: top (T), hollow (H), and bridge (B). The most stable adsorption structures of MSA (b), H~2~SO~4~ (c), ClSA (d) and EMS (e) molecules on CN. *E*~ads~ and *d*~H--CN~ represent the adsorption energy and the distance between the nearest H atom and the CN plane, respectively.](c8sc03855d-f2){#fig2}

CN catalysts have been widely explored in heterogeneous conversion of organic molecules and harnessing solar energy to form chemical fuels; however, the activity was limited by low exposure of potential active sites. As a result, many attempts have been made, *e.g.* to prepare nanostructured CN with a higher density of exposed active sites.[@cit5],[@cit11] Driving a homogeneous catalytic reaction by CN at the molecular level is the ultimate goal. Taking advantage of the excellent dissolution of CN in MSA,[@cit12] the photocatalytic dehydrogenation of 3,3′,5,5′-tetramethylbenzidine (TMB), a typical substrate for studies on enzymatic or biomimetic dehydrogenation oxidation (Fig. S10[†](#fn1){ref-type="fn"}),[@cit13] was firstly investigated. TMB was originally colorless in MSA and turned reddish brown after photocatalytic reaction; thus, the reaction rate could be quantitatively determined by using UV-Vis spectroscopy and the Beer--Lambert law when the concentration of oxidized TMB (TMB~ox~) was low.

The UV-Vis absorbance of the TMB~ox~ in MSA increased dramatically with time when CN was used as a homogeneous catalyst (CN-homo, CN dissolved in MSA) under irradiation ([Fig. 3a](#fig3){ref-type="fig"} circles and Fig. S11[†](#fn1){ref-type="fn"}). In contrast, only negligible color changes were observed without CN or without light irradiation ([Fig. 3a](#fig3){ref-type="fig"}, triangles). Control experiments also showed that MSA itself did not promote the catalytic activity (Fig. S12[†](#fn1){ref-type="fn"}). These facts jointly indicated that the oxidation of TMB was exclusively driven by CN-homo *via* a photocatalytic pathway. As a control, the same amount of CN was dispersed in an aqueous solution as a heterogeneous catalyst (CN-hetero) to drive the same reaction, but only very moderate activity was observed ([Fig. 3a](#fig3){ref-type="fig"}, squares). Although the blue-shift of CN-homo was not in favor of improving the photocatalytic activity due to the eliminated absorbance of light, [Fig. 3b](#fig3){ref-type="fig"} and S13[†](#fn1){ref-type="fn"} still show that the turnover frequency (TOF)[@cit14] ratio of the CN-homo system to the CN-hetero system increased up to 10-fold when the concentration of CN increased up to 0.5 mg mL^--1^, demonstrating the inherent advantage of the CN-homo in exposing active sites, especially at a high concentration, in driving a practical catalytic reaction. Notably, no activity was observed in the first several minutes for the CN-homo system, which may be attributed as an induction stage.[@cit15]

![(a) Absorbance of TMB~ox~ at 456 nm as a function of time during photocatalytic dehydrogenation using a homogeneous CN catalyst (CN-homo, CN dissolved in MSA) and heterogeneous CN catalyst (CN-hetero, CN dispersed in H~2~O). Catalyst loading: 0.5 mg mL^--1^ (see optimization in Fig. S12[†](#fn1){ref-type="fn"}). (b) Ratio of the TOFs for different concentrations of CN-homo and CN-hetero catalysts. (c) *C*/*C*~0~ of AB concentration as a function of time during photocatalytic *N*-demethylation using CN-homo and CN-hetero. (d) Re-use catalytic efficiency of the CN-homo catalyst in the photocatalytic *N*-demethylation of AB.](c8sc03855d-f3){#fig3}

Recycling and reusability are challenging for homogeneous catalysts.[@cit16] Interestingly, this limitation did not happen for CN-homo, because of the unique dissolution/recovery ability of CN in MSA. The collection yield of CN in MSA using diethyl ether as a poor solvent was up to *ca.* 95%. To verify this assumption, in the second set of experiments, the CN-homo photocatalyst was used in the *N*-demethylation of Azure B (AB), which is an important chemical transformation in the pharmaceutical industry (Fig. S14[†](#fn1){ref-type="fn"}).[@cit17] In contrast to the darkening of TMB, the color of AB lightened after oxidation; thus, the Beer--Lambert law was valid for kinetic studies, especially when a high concentration of CN photocatalyst was used to eliminate the systematic loss of the catalyst during recycling.

[Fig. 3c](#fig3){ref-type="fig"} and S15[†](#fn1){ref-type="fn"} show the variation in the AB concentration with reaction time. When CN-homo was used, AB was almost completely oxidized (remnant \< 5%, see Fig. S16 and more discussion in the ESI[†](#fn1){ref-type="fn"}) upon irradiation for 90 min, while for CN-hetero, more than 48% of unreacted AB remained, suggesting that the CN-homo photocatalyst had a much faster oxidation rate. Control experiments without CN and without light irradiation ([Fig. 3c](#fig3){ref-type="fig"}, triangles) resulted in negligible activity within the prescribed time, confirming that the oxidation of AB was exclusively driven by CN *via* a photocatalytic pathway. The first-order rate constant (Fig. S17[†](#fn1){ref-type="fn"}) of the reaction by CN-homo (0.041 min^--1^) was nearly six times that of the reaction driven by CN-hetero (0.007 min^--1^). CN-homo was further explored in recycling experiments, in which the catalyst was separated by using diethyl ether as a poor solvent after the reaction and recycled in the next experiment. As shown in [Fig. 3d](#fig3){ref-type="fig"}, CN-homo maintained most of the original high photocatalytic activity for at least three cycles. The stability of the catalyst was also reflected in the similar XRD patterns of the CN after the photocatalytic reaction (Fig. S18[†](#fn1){ref-type="fn"}). A minor deterioration in the catalytic activity was observed, presumably due to mechanical loss of the catalyst during the recycling process. Therefore, the recycling experiment demonstrated the unique features of the proposed CN photocatalytic system, which combines the advantages of both homogeneous catalysts that often exhibit superior activity, and heterogeneous catalysts that can be easily recycled and reused without evident activity loss. The catalytic activities of the dehydrogenation of TMB and the *N*-demethylation of AB were also compared using other (photo)catalysts (Tables S2 and S3[†](#fn1){ref-type="fn"}) and showed very competitive activities. Besides, the dissolved CN in MSA was also explored as a photocatalyst for water splitting, but no significant H~2~ evolution activity was observed. This may be caused by the fact that the current photocatalytic reaction conditions, *e.g.* the special nature of the MSA solvent and the protonated surface of CN, were not favorable for H~2~ evolution. To overcome this issue, more studies are needed in the future.

Conclusions
===========

In summary, CN was dissolved in environmentally friendly MSA at room temperature. The DFT results verified that the sulfonic acid group significantly reduced the adsorption energies. Taking the dehydrogenation of TMB and the *N*-demethylation of AB as examples, the homogeneous CN photocatalyst exhibited a dramatic enhancement in activity by a factor of up to 10 relative to the heterogeneous one due to the increase of potential accessible catalytic sites. Moreover, the reversible dissolution of CN using good/poor solvents allowed the homogeneous CN to be effectively recycled and reused, which united the advantages of both homo/heterogeneous catalysts. This work may extend the application of CN as a homogeneous (photo)catalyst and highlights the utility of polymeric catalysts with intrinsic catalytic properties in bridging the gap between homo/heterogeneous catalysis. Besides, the detailed structure information of dissolved CN in MSA is very interesting, and requires further experiments and molecular dynamics simulations in the future.
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